Peroxynitrite, formed by nitric oxide and superoxide, has been shown to nitrate and reduce the function of proinflammatory proteins such as interleukin (IL)-8, monocyte chemoattractant protein-1, and eotaxin, but in contrast, to enhance the function of the anti-inflammatory cytokine IL-10 in reducing IL-1 release from blood monocytes. However, the effect of nitrated IL-10 on release of proinflammatory cytokines from lung epithelial cells is unknown. We hypothesized that peroxynitrite would enhance the capacity of human IL-10 to reduce inflammatory mediators released by epithelial cells. To test this hypothesis, recombinant human IL-10 was evaluated for its capacity to attenuate the release of neutrophil chemotactic activity and IL-8 from a human epithelial cell line in response to IL-1␤ and tumor necrosis factor-␣. Neutrophil chemotactic activity and IL-8 in lung epithelial culture supernatant fluids were significantly lower after culture with nitrated human IL-10 compared with non-nitrated human IL-10 controls (P Ͻ 0.05). Consistent with these results, nitrated human IL-10 attenuated IL-8 mRNA expression more than non-nitrated human IL-10 controls (P Ͻ 0.05). These data demonstrate that peroxynitrite exposed human IL-10 has enhanced anti-inflammatory activity and suggest that nitration may play a critical role in the regulation of inflammation within the lower respiratory tract.
pression of IL-2, IL-3, interferon-␥, and granulocyte-macrophage colony-stimulating factor in T helper type 1 cells (5, 6); IL-4 and IL-5 in T helper type 2 cells (7); IL-8 and macrophage inflammatory protein-1 in neutrophils (8) ; IL-1, IL-8, and tumor necrosis factor (TNF)-␣ in macrophages/monocytes (9, 10) ; and IL-8 in human lung epithelial cells and in human vascular endothelial cells (11, 12) . Hence, IL-10 is a potent anti-inflammatory cytokine that has an important role in balancing inflammatory responses (13) .
Although the exact amino acid sequence on human IL-10 that binds to its receptor is unknown, human IL-10 includes a tyrosine and two methionines at one of the functional domains (14) . It was previously reported that the peroxynitrite enhanced the anti-inflammatory activity of human IL-10 in reducing the release of IL-1 from human peripheral blood monocytes in response to lipopolysaccharide (15) . In this context, we hypothesized that nitration may regulate the anti-inflammatory activity of human IL-10 on human lung epithelial cells. In this study, human IL-10 was nitrated and its anti-inflammatory activity compared with non-nitrated IL-10 controls. Peroxynitrite enhanced the anti-inflammatory action of human IL-10, including reducing the release of neutrophil chemotactic activity (NCA), IL-8, and IL-8 mRNA expression by the human lung epithelial cell line, A549, in response to IL-1␤ or TNF-␣. These data suggest that nitration of human IL-10 may enhance its anti-inflammatory action within the lung.
Materials and Methods

Cell Cultures
A549 cells, a pulmonary type-II epithelial cell line derived from an individual with alveolar cell carcinoma, were purchased from American Type Culture Collection (Rockville, MD). These cells retained many of the characteristics of normal type-II epithelial cells such as surfactant production, cytoplasmic multilamellar inclusion bodies, and cuboidal appearance (16) . A549 cells were cultured in Ham's F-12 (GIBCO, Inc., Grand Island, NY) medium with 10% heat-inactivated fetal bovine serum. After 2-4 d in culture, the cells had reached confluence and were then used for experiments.
Nitration of IL-10 with Peroxynitrite
One milliliter of recombinant carrier-free human IL-10 (1 g /ml; R&D Systems, Minneapolis, MN) was incubated with 5 l of peroxynitrite (200 mM/ml; Calbiochem, San Diego, CA) for 2 h at 37ЊC. The nitrated IL-10 was serial diluted from 1 g/ml to 10 ng/ml and became the sample material for the following assay.
Nitration was performed just before each cell treatment. The pH after nitrated IL-10 was measured, and the change was minimal (pH ϭ 7.41). Nitration of human IL-10 by peroxynitrite was confirmed by the detection of 3-nitrotyrosine by Western blotting and silver stain using previously described methods used for type 2 nitric oxide synthase (17) . Briefly, SDS-PAGE was performed at 150 V using a 15%T resolving gel and the Laemmli tris-glycine buffer system. No reducing agent was used in sample preparation, and samples were heated to 60ЊC before electrophoresis to minimize reduction of 3-nitrotyrosine to 3-aminotyrosine. Western transfers were performed using PVDF membranes at 30 V for 18 h at 4ЊC in a tris-glycine methanol buffer. The membranes were developed using BLOTTO as the blocking agent and the appropriate primary antibody, IL-10 polyclonal antibody (R&D Systems), or 3-nitrotyosine antibody (Upstate Biotechnology, Lake Placid, NY) and secondary antibody-alkaline phosphatase conjugates (Sigma, St. Louis, MO). Silver staining of SDS-PAGE gels was performed according Morrissey (18) .
IL-10, Nitrated IL-10, and Stimulants
Serum-containing media was removed from the cells by washing twice with serum-free Ham's F-12 medium, and the A549 cells were incubated Ham's F-12 medium without fetal bovine serum in the absence and presence of human recombinant IL-1␤ (1 ng/ ml; Sigma) or TNF-␣ (5 ng/ml; Sigma) at 37ЊC in a humidified 5% CO 2 atmosphere for 48 h. These concentrations were chosen because they produced the maximal effect of the doses tested for NCA release (data not shown) without cell injury in these experimental conditions. A549 cells were pretreated with IL-10 (10 or 100 ng/ml) or nitrated IL-10 (10 or 100 ng/ml). The concentrations of human IL-10 were based on results showing that 3-5 ng/ml of human IL-10 was included in the epithelial lining fluid of healthy humans (19) and 1-100 ng/ml of human IL-10 inhibited the IL-8 production from human bronchial epithelium, human monocyte, and human neutrophils (11, 13) . IL-1␤ and TNF-␣ were tested for LPS contamination, and LPS was shown to be Ͻ 0.1 ng/ ml. These cytokines did not cause A549 cell injury (no deformity of cell shape, no detachment from culture dish, and Ͼ 98% viability by trypan blue exclusion) after 48 h incubation at the highest concentration used. The culture supernatant fluid was harvested and centrifuged at 1,000 rpm for 10 min to remove cells and then frozen at Ϫ80ЊC until assayed. All assays were finished within 2 wk after harvesting the supernatant fluids.
After 48 h, the concentrations of IL-10 were evaluated in some culture supernatant fluids (n ϭ 5, cells cultured in media alone 324 Ϯ 13 pg/ml, cells cultured with TNF-␣ 5 ng/ml 369 Ϯ 38 pg/ ml) using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems).
Effects of IL-10 and Nitrated IL-10 on Neutrophil Chemotactic Activity by A549 Supernatant Fluids
Polymorphonuclear leukocytes were purified from heparinized normal human blood by the method of Bö yum (20) . The resulting cell pellet consisted of Ͼ 96% neutrophils and Ͼ 98% viable cells as determined by trypan blue and erythrosin exclusion. The cells were suspended in Hanks' balanced salt solution (GIBCO, Inc., Grand Island, NY) containing 2% bovine serum albumin (Sigma) at pH 7.42 to give a final concentration of 3.0 ϫ 10 6 cells/ml. This suspension was used for the neutrophil chemotaxis assay.
The chemotaxis assay was performed by a 48-well microchemotaxis chamber (NeuroProbe Inc., Cabin John, MD), as has been previously described (21) . Briefly, 25 l of the harvested supernatant fluids were placed into the lower wells, and a 10-m-thick polyvinylpyrrolidone-free polycarbonate filter (Nucleopore, Pleasanton, CA), with a pore size of 3 m, was placed over the bottom wells. The silicon gasket and upper pieces of the chamber were applied, and 50 l of the cell suspension was placed into the upper wells above the filter. The chambers were incubated in humidified air in 5% CO 2 at 37ЊC for 30 min. After incubation, the chamber was disassembled and nonmigrated cells were wiped away from the filter. The filter was then immersed in methanol for 5 min, stained with Diff-Quik (American Scientific Product, McGraw Park, IL), and mounted on a glass slide. Cells that completely migrated through the filter were counted by using light microscopy in ten random high power fields (HPF) per well.
Measurement of IL-8
The concentrations of IL-8 were measured in the cell culture supernatant fluids using commercially available ELISA kits (R&D Systems) according to the manufacturer's instructions in duplicate. The frozen supernatant fluids were thawed just before being assayed and were diluted 100-fold before measurement of IL-8 by ELISA. The minimum concentration detected by the ELISA was 10 pg/ml. Intra-assay precision of this ELISA kit is 4.56 Ϯ 0.15%, and interassay precision is 6.70 Ϯ 1.45%.
Evaluation of IL-8 mRNA Expression
IL-8 mRNA was analyzed by reverse transcriptase-polymerase chain reaction (RT-PCR). A549 cells were incubated with the cytokines for 12 h, and total cellular RNA was extracted from adherent cells using a modification of the methods of Chomczynski and Sacchi (22) . The RNA was reverse transcribed using a commercially available kit (Promega, Madison, WI). One microgram of the reverse transcribed DNA was then mixed with Ready-to-Go PCR Beads (Pharmacia, Piscataway, NJ) and the front and back primers, using a commercially available primer pairs (R&D Systems), added at 0.3 M final concentration. PCR was performed in a Perkin-Elmer model 480 thermal cycler using 94ЊC for 2 min and 24 cycles consisting of 94ЊC for 45 s, primer annealing at 55ЊC for 45 s, primer extension at 72ЊC for 45 s, followed by 72ЊC for an additional 7 min. ␤-Actin was used as a "housekeeping gene" with PCR. The DNA was subjected to agarose gel and the intensity of the bands quantified by densitometry. The results were expressed as the ratio of intensity to the ␤-actin.
Statistical Analysis
Data was analyzed by one-way ANOVA with Fisher's protected least significant difference (Fisher's PLSD). In all cases, a P value less than 0.05 were considered significant. Data in figures were expressed as means Ϯ SD.
Results
Nitration of IL-10 with Peroxynitrite
Western blotting of recombinant IL-10 and nitrated IL-10 with an IL-10 polyclonal antibody revealed both at the appropriate molecular weight ( Figure 1B ). Corresponding to this band was a clearly identifiable band that marked for 3-nitrotyrosine antibody ( Figure 1A, lane 2) . Silver staining indicated only the band of appropriate molecular weight of IL-10 ( Figure 1C, lanes 2 and 3 ) . No peroxynitrite-induced cleavage of IL-10 was identified. 
NCA
Both human IL-10 and nitrated IL-10 inhibited NCA from A549 stimulated with IL-1␤ and TNF-␣ (Figure 2 ). Nitrated IL-10 reduced NCA from the stimulated A549 more than non-nitrated IL-10 (IL-1␤ with 10 ng/ml nitrated IL-10 45.7 Ϯ 4.2 Cell/HPF; IL-1␤ with 10 ng/ml non-nitrated IL-10 68.4 Ϯ 6.9 Cell/HPF; TNF-␣ with 10 ng/ml nitrated IL-10 47.6 Ϯ 8.6 Cell/HPF; TNF-␣ with 10 ng/ml nonnitrated IL-10 66.8 Ϯ 7.6 Cell/HPF; Figure 2 , n ϭ 6). Human IL-10 or nitrated IL-10 alone had no effect on baseline release of NCA under control conditions (P Ͼ 0.05, Figure 2 , n ϭ 6).
Effects of Human IL-10 and Nitrated IL-10 on IL-8 Production from A549
A549 spontaneously released IL-8, but IL-1␤ or TNF-␣ increased the release of IL-8 from A549 (Figure 3, n ϭ 4) . The release of IL-8 was inhibited by both human IL-10 and nitrated IL-10. Nitrated IL-10 was significantly more effective in reducing IL-8 release than non-nitrated IL-10 (IL-1␤ with 10 ng/ml nitrated IL-10 1,589.13 Ϯ 33.09 pg/ ml; IL-1␤ with 10 ng/ml non-nitrated IL-10 1,834.99 Ϯ 71.11 pg/ml; TNF-␣ with 10 ng/ml nitrated IL-10 2,037.93 Ϯ 258.73pg/ml; TNF-␣ with 10 ng/ml non-nitrated IL-10 2,119.97 Ϯ 21.97 pg/ml; Figure 3 , n ϭ 4). Human IL-10 and nitrated IL-10 had no stimulating effect on release of IL-8 from nonstimulated A549 (P Ͼ 0.05, Figure 3 , n ϭ 4).
Effects of Human IL-10 and Nitrated IL-10 on mRNA Expression from A549
Semiquantitative RT-PCR was performed to evaluate the effect of human IL-10 and nitrated IL-10 on IL-8 mRNA expression in A549. IL-1␤-induced IL-8 mRNA expressions were suppressed by pretreatment with human IL-10 and nitrated IL-10 ( Figure 4, n ϭ 3) . IL-8 mRNA was 
Discussion
In this study, we demonstrated that human IL-10 inhibited the release of NCA, IL-8, and IL-8 mRNA expression in a human lung epithelial cell line stimulated with IL-1␤ or TNF-␣. In addition, human IL-10 exposed to peroxynitrite suppressed these inflammatory mediators more than nonnitrated human IL-10 controls. These data suggest that peroxynitrite may enhance anti-inflammatory capacity of human IL-10 on human lung epithelial cells in response to the proinflammatory cytokines. We investigated the effect of human IL-10 and nitrated IL-10 on the lung epithelial cell line because epithelial cells are the first lung cells to contact noxious or infectious agents. Moreover, these cells play a role in regulating the lung inflammatory environments by producing mediators, including IL-8, in response to a variety of proinflammatory stimuli (23, 24) . Hence, lung epithelial cells are ideally situated to regulate the defense mechanisms for lung inflammation. In vitro, it was reported that lung epithelial cells produced IL-10 in response to variety of stimuli (19, 25) . Although the anti-inflammatory effects of IL-10 on monocytes, macrophages, and lymphocytes have been examined, fewer studies have investigated the effects of IL-10 on lung epithelial cells.
Previous work has demonstrated that the neutrophil chemotactic activity released by lung epithelial cells, including A549 cells, is heterogeneous, consisting of lipid and nonlipid chemotactic factors (26) . At 48 h, blocking experiments with anti-IL-8 antibodies suggest that IL-8 may account for as much as 70% of the neutrophil chemotactic activity released by IL-1␤-stimulated A549 cells (26) . The present study did not evaluate A549 cells for IL-10 receptors, but IL-10 receptor 1 expression has been observed on many nonhemopoietic cells (27) . IL-10 receptor 2 gene is expressed by many human cells and tissues (28) . Consistent with our data, Gudmundsson and Hunninghake (29) reported that IL-10 reduces cytokine secretion form A549 cells implying the presence of IL-10 receptors.
It has been suggested that peroxynitrite played an important role in inflammation, fibrosis, and immunity of the human airways (30) . Peroxynitrite can react readily with phenolic and aromatic compounds such as tyrosine to form nitrated and dimerized products such as 3-nitrotyrosine (31) . Nitration has been proposed to be major regulator of protein function (32) . Recent studies showed that peroxynitrite reduced function of the inflammatory cytokines including IL-8, monocyte chemoattractant protein-1, and RANTES (33, 34) . In this study, we investigated the role of peroxynitrite on human IL-10-induced anti-inflammatory activities. These studies revealed that IL-8 production, NCA, and IL-8 mRNA expression were inhibited significantly more by nitrated IL-10 than by non-nitrated human IL-10 control. These data suggested that peroxynitrite might enhance human IL-10-induced anti-inflammatory actions, whereas peroxynitrite usually inhibited the protein functions by nitration.
The mechanisms by which peroxynitrite enhances human IL-10 function are still unclear. Human IL-10 is an 18.6-kD homodimeric protein with subunits having a length of 160 amino acids. The carboxyl-terminal end of human IL-10 contains a nine-amino acid sequence including tyrosine and methionine (Ala-Tyr-Met-Thr-Met-Lys-Ile-Arg-Asn), which has been shown to be a key functional site of human IL-10 involved in the inhibition of cytokine production (14) . Nitration at the functional domain of human IL-10 may enhance the interaction between human IL-10 and its cell surface receptor. Although we attempted binding studies, the IL-10 ELISA used for these studies (R&D Systems) did not completely recognize nitrated IL-10, and the results were inconclusive. Alternatively, nitration may induce a conformational change in IL-10. A conformational change may protect proteins from enzymatic degradation and inactivation including phosphorylation, attenuate the uptake of proteins by serum/interstitial fluid factors, or promote the hydrophobic active state of proteins that may be inserted directly into plasma and intracellular organelle of activated cells, thereby modulating signal transduction of inflammatory mediators.
Neutrophil locomotion into the alveolar space from the bloodstream plays an important role in host defenses during lung injury, inflammation, and subsequent tissue remodeling (35) . In agreement with this concept, it might have therapeutic merit that human IL-10 inhibits excessive neutrophil recruitment from the bloodstream by chemotactic factors, such as IL-8. The present study revealed that lung epithelial cells had the potential for contributing to airway inflammation by releasing NCA and suggested that human IL-10 and nitrated IL-10 might reduce lung inflammation by modulating the responsiveness of the epithelium.
In summary, we found that human IL-10 co-incubated with peroxynitrite inhibited NCA significantly stronger than normal human IL-10 in vitro. This data suggest that peroxynitrite might enhance anti-inflammatory activity of human IL-10 and play an important role in regulating neutrophil migration during inflammation.
